Background. Glioblastoma highly expresses the proto-oncogene MET in the setting of resistance to bevacizumab. MET engagement by hepatocyte growth factor (HGF) results in receptor dimerization and autophosphorylation mediating tumor growth, invasion, and metastasis. Evasive revascularization and the recruitment of TIE2-expressing macrophages (TEMs) are also triggered by anti-VEGF therapy.
Glioblastoma is the most common malignant brain tumor and is characterized by cellular heterogeneity, vascular proliferation, and extensive tissue infiltration. The treatment for glioblastoma includes surgery, radiation, and chemotherapy. The prognosis remains poor, with a median survival time of 12 -15 months in patients with this disease. 1 A new, effective approach for prolonging survival and improving quality of life in patients with glioblastoma is urgently needed.
The antiangiogenic agent bevacizumab (Avastin; Roche/ Genentech), a recombinant humanized monoclonal antibody directed against vascular endothelial growth factor (VEGF), has been approved by the U.S. FDA for the treatment of glioblastoma. 2 Bevacizumab alone or combined with other chemotherapy inhibits tumor angiogenesis and tumor growth; however, after initially responding to bevacizumab treatment, glioblastoma develops resistance to bevacizumab, becoming increasingly invasive and growing faster. 3 One mechanism of this resistance is the inhibition of the VEGF pathway, which causes vascular pruning in the tumor, induces a hypoxic environment, and subsequently triggers MET expression, which enhances tumor invasion and metastasis. 4 -6 A previous study by our group showed that after xenograft mouse models of glioblastoma developed resistance to bevacizumab therapy, MET was expressed at high levels in those tumors compared with the vehicle control group. 7 Anti-VEGF therapy has also been shown to lead to enhanced and sustained MET phosphorylation status in gliomas by blocking VEGF-mediated downregulation of MET activation. 8 
Neuro-Oncology
Neuro-Oncology 2016; 0, 1 -12, doi:10.1093/neuonc/now030 MET, a transmembrane tyrosine kinase receptor that binds only to the hepatocyte growth factor (HGF) ligand, is overexpressed, activated, amplified, or mutated in several types of human cancer. 9 -13 HGF is secreted by cells of mesenchymal origin-including fibroblasts, macrophages, and endothelial cells. 14 MET gene amplification has been detected in glioblastoma, 15 -17 and MET is expressed in primary glioblastoma. 13, 18 MET plays a wide-ranging role in tumor cell invasion, 19 proliferation, 20 and antiapoptotic effects 21 in various cancers. High MET expression is associated with poor prognosis in patients with glioblastoma. 22 -24 According to gene expression profiling analyses of glioblastoma, MET is a signature gene associated with the glioblastoma mesenchymal subtype. 25, 26 Interestingly, MET is a functional marker of the glioblastoma stem cell subset. 22, 27 More importantly, MET confers resistance to radiation therapy in patients with glioblastoma. 28 Tunica interna endothelial cell receptor 2 (TIE2)-expressing monocytes are a subpopulation of circulating blood monocytes that contribute to angiogenesis in human glioblastoma orthotopic xenografts. 29 According to a recent report, TIE2expressing monocytes contribute to the refractoriness of glioblastoma to bevacizumab treatment in a U87 MG xenograft mouse model. 30 In that study, the TEMs were recruited to the normal tissue/tumor invasive boundary and were characterized by high levels of MMP9 expression. TEMs recruited to the normal/tumor boundary were also demonstrated from human biopsy samples of anti-VEGF-treated glioblastoma patients. 30 Infiltration of these myeloid cells likely accounts for the mesenchymal signature that results following bevacizumab treatment 31, 32 . Thus, TIE2-expressing monocytes are a novel, biologically relevant marker of angiogenesis and may be a promising anticancer target in glioblastoma and other tumors.
Altiratinib (currently under development by Deciphera Pharmaceuticals, LLC) is a novel inhibitor of MET, TIE2, VEGFR2, and tropomyosin receptor kinase family kinases. 33 Because of its balanced inhibitory potencies for MET, TIE2, and VEGFR2, it was hypothesized that single agent altiratinib therapy would be efficacious in experimental glioblastoma models and further, when used in combination with bevacizumab, would prevent or delay bevacizumab-mediated resistance mechanisms.
In the current study, we evaluated the antitumor effects of altiratinib in a genetically diverse panel of human glioblastoma stem cell lines in vitro and in vivo. We found that altiratinib combined with bevacizumab significantly inhibited tumor growth, invasiveness, mesenchymal marker expression, angiogenesis, and TIE2-expressing monocyte infiltration compared with bevacizumab alone in GSC11 and GSC17 xenograft mouse models. Furthermore, altiratinib, in combination with bevacizumab, provided a significant survival benefit compared with single-agent bevacizumab. This study provides a rationale for further clinical investigation of altiratinib combined with bevacizumab in patients with glioblastoma.
Materials and Methods

Cell Lines, Reagents, and Treatment
The human glioblastoma stem cell lines GSC2, GSC262, GSC267, GSC295, GSC300, GSC6-27, GSC7-2, GSC11, GSC17, GSC231, GSC20, GSC272, GSC28, GSC8-11, GSC23, and GSC280 were derived from recurrent glioblastoma specimens as previously described. 34 Glioma stem cell lines were generated under the Pathology Core of the MD Anderson Cancer Center Brain SPORE (National Institutes of Health, P50CA127001). These glioblastoma stem cells were maintained in suspension in Dulbecco's modified Eagle's medium (DMEM)/F12 containing epidermal growth factor (20 ng/mL), basic fibroblast growth factor (20 ng/mL), and B27 (2%) at 378C in a 5% CO 2 atmosphere.
To test HGF-stimulated MET phosphorylation, we prepared GSC11, GSC17, GSC20, and GSC267 cells in 6-well plates at a density of 5 × 10 5 cells per well. After 6 hours of incubation, cells were stimulated by 40 ng/mL HGF for 10 minutes and harvested for Western blot on phospho-MET. To investigate whether altiratinib inhibits HGF-stimulated MET phosphorylation, we prepared GSC267 and GSC17 cells in 6-well plates at a density of 5 × 10 5 and treated cells with different concentrations of altiratinib for 6 hours. Cells were then stimulated by 40 ng/mL HGF for 10 minutes, and cell lysates were subjected to Western blot on phospho-MET.
Cell Viability Assay
GSC6-27,GSC7-2, GSC11, GSC17, GSC231, GSC295, GSC20, GSC300, GSC28, GSC272, GSC8-11, GSC262, GSC23, and GSC280 cells were plated in 96-well black-walled plates at a density of 5 ×10 3 cells per well. The DMEM/F12 (2% B27, 20 ng/mL EGF, and 20 ng/mL FGF) medium contained altiratinib at concentrations of 0.001 mM, 0.01 mM, 0.1 mM, 1 mM, and 5 mM. Viable cells were quantitated 72 hours after drug exposure using the CellTiter-Glo Assay (Promega) per manufacturer's instructions. The results were generated from 3 independent experiments.
Immunoblotting Analysis
Cells were lysed in an ice-cold lysis buffer containing 50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, 1 mg/mL leupeptin, and 1 mg/mL pepstatin A. The protein concentration in the supernatant was determined using a Pierce bicinchoninic acid protein assay (Life Technologies). Samples were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis with an 8%-12% gradient, and the separated proteins were electrophoretically transferred to nitrocellulose membranes. The blots were incubated with the primary antibodies against phospho-MET (1:1000; Cell Signaling Technology), against MET (1:1000; Cell Signaling Technology), or against tubulin (1:3000; Sigma-Aldrich). The blots were then incubated with horseradish peroxidase-linked secondary anti-rabbit or anti-mouse antibodies (Bio-Rad Laboratories).
Mouse Experiments
For the in vivo experiments, we used 4 to 6-week-old female nude mice that were strictly inbred at The University of Texas MD Anderson Cancer Center and maintained in the MD Anderson Veterinary Facility in accordance with Laboratory Animal Resources Commission standards and were treated according to approved protocol 10-07-12132. For the in vivo experiments, GSC11 (5× 10 5 ) or GSC17 (5× 10 4 ) glioblastoma cells were implanted intracranially into nude mice. Beginning 4 days after tumor cell implantation, bevacizumab (10 mg/kg) was administered by i.p. injection twice per week and altiratinib (10 mg/kg) was administered by oral gavage twice daily. Control mice for these cohorts were treated with phosphate-buffered saline by Piao et al.: Altiratinib inhibits tumor growth in glioblastoma i.p. injection and/or with 0.4% HPMC vehicle by oral gavage. One cohort of 10 mice per group was treated continuously and followed for survival. A separate cohort of 9 mice per group was treated continuously until the designated time point, and the tumors from these mice were extracted at 3, 4, and 5 weeks in the GSC11 xenograft mice model and at 3.5, 4.5, and 5.5 weeks in the GSC17 xenograft mice model after the start of treatment.
When the mice treated for the designated time period developed signs and symptoms of advanced tumors, they were euthanized, and their brains were removed, fixed in 4% formaldehyde for 24 hours, and embedded in paraffin. The tissues were then sectioned serially (4 mm) and stained with hematoxylin and eosin (H&E; Sigma-Aldrich). Tumor formation and phenotype were determined by histologic analysis of the H&E-stained sections. The tumor volume, greatest longitudinal diameter (length), and greatest transverse diameter (width) were measured using an external caliper and Adobe Illustrator software. The tumor volumes were calculated by the following formula: volume ¼ 1 2 (length ×width 2 ). 35 
Immunohistochemistry and Immunofluorescence
For immunohistochemical analyses, the tissue sections were deparaffinized and subjected to graded rehydration. After blocking the tissue in 5% horse and goat serum and antigenretrieval solution (citrate buffer, pH 6.0), we incubated the tissue sections overnight at 48C with primary antibodies against Factor VIII (1:500; A0082, Dako) to assess microvessel formation, vimentin (1:100; M0725, Dako) to assess mesenchymal marker expression, F4/80 (1:50; 123102, BioLegend) to assess monocyte infiltration, nestin (1:300; Ab6142, Abcam), HGF (1:200; LS-B4657, LSBio), and TIE2 (1:50; Santa Cruz Biotechnology) to assess TIE2-expressing monocyte infiltration. Texas red fluorescein isothiocyanate-conjugated secondary antibodies or anti-rat immunoglobulin G antibodies (Invitrogen) were used for 1 hour at room temperature.
Statistical Analyses
All statistical analyses were conducted with GraphPad 6 (InStat) software for Windows 7. Survival analysis was conducted using the Kaplan-Meier method, and differences in survival between treatment groups were assessed using the log-rank test. All other comparisons were performed using an unpaired 2-tailed Student t test. Summary statistics for continuous data are expressed as the mean+standard error of the mean. P values ,.05 were considered statistically significant. Nestin, vimentin, Factor VIII, and TIE2+/F4/80 + staining were assessed using the Image-Pro Plus system version 7.0 (Media Cybernetics) in ×10 fields of at least 3 tumor samples per group with 3 -4 different sections per tumor sample.
Results
Altiratinib Inhibits MET Phosphorylation and Cell Viability in Diverse Glioblastoma Stem Cell Lines
Glioblastomas are classified as proneural, neural, classical, or mesenchymal on the basis of gene expression and gene alteration; 25 the glioblastoma stem cell lines we studied have diverse genetic backgrounds representing these different subtypes. First, we assessed MET and phospho-MET expression levels in these glioblastoma stem cell lines using Western blotting.
MET was significantly overexpressed in GSC6-27, GSC7-2, GSC11, GSC231, GSC295, GSC20, GSC300, GSC28, GSC272, GSC8-11, GSC262, GSC23, and GSC280 and was detectable in GSC17. More importantly, MET phosphorylation was measured and was constitutively phosphorylated in the GSC7-2, GSC231, GSC295, GSC300, GSC272, GSC8-11, GSC262, and GSC23 cell lines ( Fig. 1A) . Second, we asked whether MET and phospho-MET are activated by HGF stimulation in glioblastoma. After the GSC11, GSC17, GSC20, and GSC267 cells were stimulated by 40 ng/mL HGF for 10 minutes, MET phosphorylation was induced in GSC17 and GSC267 but not in GSC11 or GSC20 ( Fig. 1B ). Third, we asked whether altiratinib inhibits HGF-stimulated MET phosphorylation in glioblastoma. Our data showed that altiratinib robustly inhibited MET phosphorylation in a dose-dependent manner in GSC17 and GSC267 (Fig. 1C ). In addition, we determined HGF expression levels in the glioblastoma stem cell lines because HGF is the only ligand that binds to MET. We found HGF expression in GSC6-27, GSC7-2, GSC11, GSC231, GSC295, GSC280, GSC300, GSC262, and GSC23 ( Fig. 1D ). Furthermore, we performed a cell viability assay to determine the half maximal inhibitory concentration (IC 50 ) for altiratinib in 16 glioblastoma cell lines. Altiratinib inhibited cell viability regardless of genetic background. Although GSC267, GSC2, GSC20, GSC28, and GSC6-27 were relatively resistant to altiratinib treatment (IC 50 . 2.5 mM), GSC272, GSC262, GSC23, GSC300, GSC17, GSC8-11, GSC11, GSC231, GSC280, GSC7-2, and GSC295 were sensitive to altiratinib treatment (IC 50 , 2.5 mM; Fig. 1E ). To investigate the mechanism of altiratinibmediated inhibition of cell viability, we performed an Annexin V assay 72 hours after treatment with 1 mM and 2 mM altiratinib in GSC17, GSC1,1 and GSC6-27 cell lines. In GSC17 cells, the percentage of Annexin V + 7-ADD + cells was 58.95% and 65.94% (vs control, 8.7%). In the GSC11, the percentage of Annexin V + 7-ADD + cells was 18.71% and 21.40% (vs control, 14.86%). And in GSC6-27, the percentage of Annexin V + 7-ADD + cells was 10.71% and 18.42% (vs control, 10.85%). Western blots demonstrated an increase in caspase 3 activation after being treated with 1 mM altiratinib in GSC11, GSC17, and GSC6-27, whereas the autophagy marker LC3B increased in only 2 lines(ie, GSC17 and GSC6-27). These data suggest that altiratinib induces apoptosis in most of the GSCs, although some of the cells also undergo autophagy (Supplementary data S1).
Altiratinib Combined With Bevacizumab Reduces Glioblastoma Tumor Volume in Xenograft Mouse Models
MET was previously shown to be highly expressed in glioblastomas that developed resistance to bevacizumab therapy 7 (and Supplementary data S2). To investigate whether altiratinib combined with bevacizumab inhibits glioblastoma growth in vivo, we measured tumor volumes in glioblastoma stem cell xenograft mouse models ( Fig. 2A) . In the GSC11 model, tumor volumes at 3, 4, and 5 weeks were 27.6+4.5 mm 3 Piao et al.: Altiratinib inhibits tumor growth in glioblastoma and 46.6+4.5 mm 3 , respectively; and in the bevacizumabtreated mice (vs control: P ¼ .049, P ¼ .006, and P ¼ .005, respectively). Altiratinib treatment alone significantly inhibited the tumor volume, which was 1.2+0.5 mm 3 , 9.8+2.8 mm 3 , and 32.3+14.6 mm 3 at 3, 4, and 5 weeks, respectively (vs control: P ¼ .001, P ¼ .001, and P ¼ .006, respectively). Altiratinib combined with bevacizumab dramatically reduced the tumor volume to 0.1+0.1 mm 3 , 4.5+4.3 mm 3 , and 11.4+2.0 mm 3 at 3, 4, and 5 weeks, respectively (vs control: P ¼ .004, P ¼ .001, and P ¼ .001, respectively; vs bevacizumab alone: P ¼ .027, P ¼ .002, and P ¼ 0.001, respectively; Fig. 2B ).
Altiratinib also reduced tumor growth in the GSC17 xenograft mouse model (Fig. 2C) . At 3.5, 4.5, and 5.5 weeks, the tumor volumes were 4.5+3.4 mm 3 , 42.5+13.9 mm 3 , and 56.9+ 7.4 mm 3 , respectively, in the control-treated mice and 0.4+ 0.4 mm 3 , 0.05+0.03 mm 3 , and 9.6+4.6 mm 3 in the bevacizumab-treated mice (vs control: P ¼ .105, P ¼ .007, and P ¼ .001, respectively). Altiratinib treatment alone markedly suppressed tumor volume at 0.1+0.2 mm 3 , 9.8+3.9 mm 3 , and 10.1+ 1.4 mm 3 at 3.5, 4.5, and 5.5 weeks, respectively (vs control: P ¼ .087, P ¼ .017, and P ¼ .001, respectively). Altiratinib combined with bevacizumab dramatically reduced the tumor volume to 0.081+0.1 mm 3 , 0.04+0.02 mm 3 , and 0.19+ 0.11 mm 3 at 3.5, 4.5, and 5.5 weeks, respectively (vs control: P ¼ .085, P ¼ .006, and P ¼ .001, respectively; vs bevacizumab alone: P ¼ .28, P ¼ .58, and P ¼ .02, respectively; Fig. 2D ).
Altiratinib Combined With Bevacizumab Prolongs Survival in Glioblastoma Xenograft Mouse Models
To further examine the antitumor efficiency of altiratinib in vivo, we performed a survival study in our glioblastoma stem cell xenograft mouse models. In the GSC11 model, the median survival times were 26 days in the control mice, 35 days in the bevacizumab-treated mice (vs control: P ¼ .017), 25 days in the altiratinib-alone treated mice (vs control: P ¼ .49), and 35 days in the mice treated with altiratinib combined with bevacizumab (vs control: P ¼ .006, vs bevacizumab alone: P ¼ .239; Fig. 3A ). Thus, in the GSC11 mouse model, altiratinib combined with bevacizumab significantly prolonged survival compared with the control but did not significantly prolong survival compared with bevacizumab alone.
In the GSC17 xenograft mouse model, the median survival time was 36 days in the control-treated mice and 67.5 days in the bevacizumab-treated mice (vs control: P , .001). However, the median survival time was 83 days in mice treated with altiratinib combined with bevacizumab (vs control: P , .001, vs bevacizumab alone: P ¼ .012; Fig. 3B ). Thus, altiratinib combined with bevacizumab significantly prolonged survival in the GSC17 xenograft mouse model.
To investigate whether altiratinib inhibits Met phosphorylation in vivo, we performed immunofluorescence staining for pMET in the GSC17 xenograft mouse model. After bevacizumab 
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Neuro-Oncology treatment, pMET expression was greater compared with control. However, pMET expression was lower in tumors treated with altiratinib alone and in those treated with the combination of altiratinib and bevacizumab (Supplementary data S3).
Altiratinib Combined With Bevacizumab Reduces Tumor Invasiveness in Glioblastoma Xenograft Mouse Models
It is well known that tumor cells become more aggressive and more invasive after developing resistance to antiangiogenic therapy. 31 Indeed, in our xenograft mouse models, we found that tumor cells became more invasive in bevacizumab-treated mice compared with the control-treated mice. However, the tumors treated with altiratinib alone showed very little invasiveness, and altiratinib combined with bevacizumab dramatically decreased invasiveness compared with bevacizumab alone in the xenograft mouse models, as detailed below.
To quantify invasiveness, we stained tissue sections with the glioblastoma stem cell marker nestin and quantified the nestinpositive staining area. In the GSC11 xenograft mouse model, the nestin-positive area was 14.8%+0.52% in the controltreated tumors and 59.8%+6.0% in the bevacizumab-treated tumors (vs control: P ¼ .002). However, the nestin-positive area was only 24.5%+3.9% in the tumors treated with altiratinib combined with bevacizumab (vs control: P ¼ .072; vs bevacizumab alone: P ¼ .008) and 17.7%+2.7% in the tumors treated with altiratinib alone (Fig. 4A) . Similarly, in the GSC17 xenograft mouse model, the nestin-positive area was 9.3%+ 2.8% in the control-treated tumors and 20.6%+2.7% in the bevacizumab-treated tumors (vs control: P ¼ .042). However, the nestin-positive area was only 6.1%+1.1% in the tumors treated with altiratinib combined with bevacizumab (vs control: P ¼ .354; vs bevacizumab alone: P ¼ .007) and 2.9%+1.0% in the tumors treated with altiratinib alone (Fig. 4B) .
Our previous study showed that antiangiogenic therapy promoted expression of mesenchymal markers (such as vimentin and smooth muscle actin) in glioblastoma tumors in vivo. 31 We performed immunofluorescence staining for vimentin and quantified the vimentin-positive staining area at the tumor invasion sites in GSC11 and GSC17 xenograft mouse model tissue samples. In the GSC11 model, the vimentin-positive area was 45.8%+2.1% in the control-treated tumors and 75.6%+5.4% in the bevacizumab-treated tumors (vs control: P ¼ .007). However, the vimentin-positive area was 53.7%+ 5.1% in the tumors treated with altiratinib combined with bevacizumab (vs control: P ¼ .254; vs bevacizumab alone: P ¼ .04) and 44.87%+2.6% in the tumors treated with altiratinib alone (vs bevacizumab: P ¼ .007) (Fig. 4C ). In the GSC17 xenograft mouse model, the vimentin-positive area was 41.9%+3.5% after treatment with bevacizumab (vs 30.78%+1.6% in control: P ¼ .044) but was only 13.8%+2.4% in the tumors treated with altiratinib combined with bevacizumab (vs bevacizumab alone: P ¼ .003) and 4.0%+1.8% in the tumors treated with altiratinib alone (vs control: P ¼ .001; vs bevacizumab alone: P ¼ .001; Fig. 4D ).
Altiratinib Combined With Bevacizumab Decreases Blood Vessel Formation in Glioblastoma Xenograft Mouse Models
In our previous study, glioblastoma stem cells escaped anti-VEGF therapy through revascularization and became more invasive in vivo. 31 We performed immunofluorescence staining for Factor VIII and quantified the Factor VIII-positive staining area at the tumor sites in GSC11 and GSC17 xenograft mouse models. In the GSC11 model, the Factor VIII -positive area was 1.3%+0.4% in the control-treated tumors and 3.3%+ 1.1% in the bevacizumab-treated tumors (vs control: P ¼ .048). However, the Factor VIII -positive area was only 1.03%+0.4% in the tumors treated with altiratinib combined with bevacizumab (vs bevacizumab alone: P ¼ .032) and 1.1%+0.5% in the tumors treated with altiratinib alone (vs bevacizumab alone: P ¼ .038; Fig. 5A) .
Similarly, in the GSC17 xenograft mouse model, the Factor VIII -positive area was 3.0%+0.3% in the tumors treated with bevacizumab (vs control: P ¼ .008). However, the Factor VIII-positive area was only 1.2%+0.4% in the tumors treated with altiratinib combined with bevacizumab (vs bevacizumab alone: P ¼ .016) and 1.0%+0.2% in the tumors treated with altiratinib alone (vs bevacizumab alone: P ¼ .005; Fig. 5B ).
Altiratinib Combined With Bevacizumab Suppresses TIE2-expressing Monocyte Infiltration Into Tumors in Glioblastoma Xenograft Mouse Models
TIE2 is expressed by monocytes observed to accumulate at the invasive edges of malignant gliomas treated with VEGF Fig. 3 . Altiratinib combined with bevacizumab prolonged survival in the GSC11 and GSC17 xenograft mouse models, as shown by the Kaplan-Meier survival curves. (A) In the GSC11 xenograft mouse model, the mice treated with altiratinib combined with bevacizumab survived longer than the control-treated mice. However, no statistically significant difference was seen between the combination treatment group and the bevacizumab-alone group. (B) In the GSC17 xenograft mouse model, the mice treated with altiratinib combined with bevacizumab survived longer than the control-treated mice and survived longer than the mice treated with bevacizumab alone.
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inhibitors. 30 We investigated whether altiratinib inhibits infiltration of these monocytes into glioblastomas by performing co-immunofluorescence staining for TIE2 and F4/80 and quantifying the TIE2-positive/F4/80-positive staining cells at the tumor sites in the GSC17 xenograft mouse model. After bevacizumab treatment, the tumor infiltration of TIE2-positive/F4/ 80-positive cells was greater than in controls (vs control: P ¼ .024). However, the infiltration of TIE2-positive/F4/80-positive cells was lower in tumors treated with altiratinib alone and in those treated with altiratinib combined with bevacizumab than in tumors treated with bevacizumab alone (P ¼ .028 and P ¼ .038 respectively; Fig. 6 ). Notably, altiratinib in combination with bevacizumab completely ablated bevacizumab-induced increases in TIE2-expressing monocyte recruitment.
Discussion
This study provides preclinical evidence that altiratinib effectively inhibits MET/TIE2/VEGFR2 activation and indicates that altiratinib, either as a single agent or combined with bevacizumab, Fig. 4 . Altiratinib combined with bevacizumab reduced tumor invasiveness in the GSC11 and GSC17 xenograft mouse models. Nestin immunofluorescence staining revealed that nestin-positive staining was suppressed in tumor invasion areas in the mice treated with altiratinib alone or with altiratinib combined with bevacizumab compared with bevacizumab alone in the GSC11 xenograft model (A) and the GSC17 xenograft model (B). Representative photomicrographs are shown (magnification ×100). Vimentin immunofluorescence staining revealed that vimentin-positive staining was suppressed in mice treated with altiratinib alone or with altiratinib combined with bevacizumab compared with bevacizumab alone in the GSC11 xenograft model (C) and the GSC17 xenograft model (D). Representative photomicrographs are shown (magnification ×200).
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Neuro-Oncology 7 of 12 inhibitors. 30 We investigated whether altiratinib inhibits infiltration of these monocytes into glioblastomas by performing co-immunofluorescence staining for TIE2 and F4/80 and quantifying the TIE2-positive/F4/80-positive staining cells at the tumor sites in the GSC17 xenograft mouse model. After bevacizumab treatment, the tumor infiltration of TIE2-positive/F4/ 80-positive cells was greater than in controls (vs control: P ¼ .024). However, the infiltration of TIE2-positive/F4/80-positive cells was lower in tumors treated with altiratinib alone and in those treated with altiratinib combined with bevacizumab than in tumors treated with bevacizumab alone (P ¼ .028 and P ¼ .038 respectively; Fig. 6 ). Notably, altiratinib in combination with bevacizumab completely ablated bevacizumab-induced increases in TIE2-expressing monocyte recruitment.
Discussion
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Neuro-Oncology may be a promising candidate for treating glioblastoma patients. Altiratinib was engineered to inhibit tumor MET genomic alterations and overexpression while also blocking cross talk with the tumor microenvironment by inhibition of wild-type MET, TIE2, and VEGFR2. 33 All 3 of these kinases have been implicated in glioblastoma invasion and progression. Our data show that altiratinib had robust antitumor activity in vitro and in vivo-and combined with bevacizumab-can prevent the bevacizumab-induced invasiveness, epithelial-mesenchymal transition, revascularization, and TIE2-expressing monocyte infiltration.
The high activity of MET in glioblastoma tumors occurs through several different mechanisms such as gene amplification, transcriptional regulation, HGF autocrine or paracrine stimulation, ligand-independent activation, and therapyinduced MET activation. 8, 13 MET gene amplification, the most predictive genetic event, is associated with high sensitivity to MET inhibitors. 36, 37 In the present study, GSC17 and GSC262 were the only cell lines that showed MET gene amplification, and the GSC262 cell line also demonstrated constitutive phosphorylation of MET. GSC17 and GSC262 were consistently sensitive to altiratinib treatment in the cell viability assay, and altiratinib was most efficacious in the MET-amplified GSC17 in vivo xenograft model.
Another mechanism of MET upregulation that could predict sensitivity to altiratinib is HGF autocrine status. The GSC7-2, GSC231, GSC295, and GSC23 cell lines showed high HGF protein expression and high phospho-MET expression as well as sensitivity to altiratinib treatment in vitro. Altiratinib was recently shown to be sensitive in the U87 glioblastoma xenograft model, known to be dependent on HGF-mediated autocrine signaling. 33 Similarly, a previous study showed that glioblastoma xenograft tumors with HGF autocrine activation were sensitive to treatment with the MET inhibitor SGX523. 38 In the present study, the GSC300, GSC272, and GSC8-11 cells showed sensitivity to altiratinib treatment and expressed high phospho-MET and low HGF. Therefore, the HGF-independent phospho-MET expression level may also predict sensitivity to altiratinib treatment.
We also found that glioblastoma cells in which MET could be activated by paracrine HGF stimulation were sensitive to altiratinib treatment. MET was markedly phosphorylated by exogenous HGF stimulation in the GSC17 cells, which inherently expressed relatively low phospho-MET and HGF. Phospho-MET was more Piao et al.: Altiratinib inhibits tumor growth in glioblastoma robustly induced by HGF in GSC17 than in other cell lines, perhaps at least in part due to the high level of MET amplification. Another study showed that exogenous HGF can stimulate phospho-MET expression in the glioblastoma stem cell line GSC S 1228. This short-term exogenous activation of MET by HGF enhanced the effect of the MET inhibitor crizotinib in inhibiting tumor growth in the GSC S 1228-derived xenograft model. 39 Therapy-induced MET activation is a pragmatic mechanism that has been demonstrated in both preclinical and clinical practice. Bevacizumab promotes glioblastoma tumor resistance through multiple mechanisms mediated in large part by bevacizumab therapy-induced hypoxia. Such hypoxia triggers (i) upregulation of MET activity in glioma cells that mediates transition to an invasive mesenchymal phenotype, (ii) evasive revascularization mediated by ANG or HGF activation of TIE2 or MET on endothelial cells, and (iii) an increase in myeloid cell recruitment and infiltration including macrophages, granulocytes, and TIE2-expressing monocytes (TEMs). Regarding bevacizumab-mediated upregulation of glioma MET activity, it has been demonstrated that bevacizumab therapy blocks cross talk between VEGFR2 receptors and MET receptors on glioma cells. 8 Under normal signaling homeostasis, VEGF activation of VEGFR2 receptors was shown to recruit PTP1B phosphatase to a complex including VEGFR2 and MET receptors. The activated VEGFR2-recruited phosphatase downregulated the phosphorylation and activity of MET. Bevacizumab sequestration of VEGF blocked this inhibitory cross talk between VEGFR2 and MET, leading to sustained MET signaling in glioma cells. Also, the angiopoietin (ANG)/TIE2 axis has been implicated in bevacizumab-mediated provocation of evasive revascularization via during anti-VEGF therapy, 40, 41 and stromal HGF has also been demonstrated to mediate evasive vascularization during anti-VEGF therapy. 42, 43 Thirdly, TIE2-expressing monocytes are a subpopulation of circulating blood monocytes that contribute to angiogenesis in human glioblastoma orthotopic xenografts. 29 TEMs are expressed in the peripheral blood of cancer patients and are also recruited to human solid tumors. 44 According to a recent report, TEMs contribute to the refractoriness of glioblastomas to bevacizumab treatment in a U87 MG xenograft mouse model. 30 Infiltration of these myeloid cells likely accounts for the mesenchymal signature that results following bevacizumab treatment (personal communication with Roel Verhaak, MD Anderson). Thus, TIE2-expressing monocytes are a novel, biologically relevant marker of angiogenesis and invasiveness, and may be a promising anticancer target in glioblastoma and other tumors. 
Neuro-Oncology Altiratinib's balanced profile for inhibiting MET, TIE2, and VEGFR2 blocks these hallmark tumor microenvironment mechanisms characterizing anti-VEGF therapy resistance. Indeed, when combined with bevacizumab, altiratinib blocked tumor invasion, blocked evasive revascularization, and blocked recruitment of TIE2-expressing monocytes. Interestingly, we found Piao et al.: Altiratinib inhibits tumor growth in glioblastoma that bevacizumab treatment induced HGF expression in the recruited F4/80/TIE2-positive macrophages in the GSC17 xenograft mouse model (Supplementary data S4). This finding indicated that bevacizumab could stimulate macrophages to produce HGF in the glioma tumor microenvironment, and this stromal HGF could further activate MET on glioma cells already primed by bevacizumab for increased MET expression. Since mouse HGF does not bind to human MET, our murine xenograft model could not assess the role of recruited macrophagederived HGF on tumor progression. Nonetheless, this observation suggests that such HGF produced from recruited macrophages could play a pro-tumoral role in glioblastoma patients treated with bevacizumab.
Altiratinib significantly prolonged survival in the GSC17 xenograft mouse model when combined with bevacizumab. Thus, altiratinib may provide better inhibition of several mediators of tumor progression in the setting of potent and sustained VEGF sequestration that translates into meaningful outcomes. Taken together, these findings suggest that human glioblastomas, and perhaps other tumors, may be effectively treated by altiratinib wherein cross talk between tumors and the microenvironment leads to upregulated MET expression, evasive revascularization, and/or recruitment of pro-tumoral TEMs. However, to evaluate our findings in future clinical trials, the association between relevant biomarkers and sensitivity to altiratinib would need to be investigated.
In conclusion, the new MET/TIE2/VEGFR2 inhibitor altiratinib suppressed tumor growth and invasiveness in GSC11 and GSC17 xenograft mouse models. Altiratinib combined with bevacizumab prevents bevacizumab-induced revascularization, infiltration of TIE2-expressing monocytes, and upregulation of mesenchymal markers, and could be clinically effective for the treatment of patients with glioblastoma.
